Abstract Developmental changes in the stria vascularis of white spotting (Ws) rats were examined by scanning and transmission electron microscopes and by diaminobenzidine-staining techniques. The stria of Ws/Ws homozygote rats was found to have both pigmented and non-pigmented portions. While the pigmented portions possessed intermediate cells in the same manner as the stria of wild +/+ rats, the non-pigmented portions lacked the cells. Examination at 1, 2, 3, 4, 6, 8 and 14 weeks after birth revealed a progressive degeneration in the marginal cells and strial capillaries in the non-pigmented portions. At 1 week, no significant differences were seen in the marginal cells of any of the rats examined. At 2 weeks, the basolateral infoldings of the marginal cells were seen to be well developed and adult-like in the pigmented portions of Ws/Ws rats and in +/+ rats. In the nonpigmented portions, the basolateral infoldings of the marginal cells appeared well developed; however, vacant spaces were seen around the basolateral infoldings. At 3 weeks, the basolateral infoldings of the marginal cells in the non-pigmented portions had become more atrophic, and the empty spaces around the basolateral infoldings had enlarged. Also, the marginal cells themselves had become flatter or thinner. These findings became more prominent at 4 weeks and 6 weeks. At 8 weeks and 14 weeks after birth, the marginal cells appeared markedly flat, and no basolateral infoldings were seen in the non-pigmented portions. Pigmented portions of the stria in Ws/Ws rats, on the other hand, showed normal development throughout this period. A DAB-staining examination of the stria capillary net in Ws/Ws rats showed it to be well developed at 3 weeks in both pigmented and non-pigmented portions. At 8 weeks, a thickening of the capillary basement membrane was apparent. The above findings lead the authors to believe that intermediate cells play an important role in the development and maintenance of marginal cells and the strial capillary system.
Introduction
The stria vascularis is composed of three cell types, namely, marginal cells, intermediate cells and basal cells. Marginal cells face the endolymph, have many mitochondria and ribosomes and are thought to play an important role in generating endocochlear potential (EP). Basal cells form a continuous layer next to the spiral ligament and contain rich fibrillar material and a few mitochondria. They possess gap junctions and contribute to the recycling of the K ion from the perilymph [10] . Intermediate cells contain pigment, mitochondria, ribosomes and both roughand smooth-surfaced endoplasmic reticula. Intermediate cells are also thought to participate in the recycling of the K ion [10] ; however, their role is still largely unknown.
The W locus on the mouse chromosome 5 has a c-kit gene. Mutant mice with defective c-kit genes have shown sterility, macrocytic anemia and reduction of hair pigmentation [14] . The viable dominant spotting (Wv/Wv) mouse of this mutation has a white coat and the absence of melanocytes. Morphological and electrophysiological changes in the inner ear of Wv/Wv mice have been reported by Cable et al. [2] . The majority of these animals were found to have no intermediate cells within the stria vascularis and no EP. Some homozygous mutants, however, were found to have portions of the cochlea that seemed to escape the degenerative effects of mutation and displayed an EP corresponding to the extent of the undegenerated, or pigmented, portion [4] . The capillary network in pigmented regions of the stria was found to be extensive, whereas in the non-pigmented regions, it was poorly developed, and the diameter of individual capillaries appeared greatly reduced [2] .
Kitamura's group found a similar mutation at the Ws (white spotting) locus in a newly bred rat [13, 20] . Homozygous Ws (Ws/Ws) rats were found to have black eyes, white skin, hypoplastic anemia and depletion of melanocytes and mast cells, just like the Wv/Wv mouse. Hoshino et al. [9] examined the morphological features of the cochlea in the Ws rats, and they found brown pigment near the pigmented basal turn of the stria vascularis but not in the non-pigmented middle and apical turns. Intermediate cells were also present in the pigmented portion, but not in the non-pigmented portion. Marginal cells were thin, showed an irregular endolymphatic surface and possessed poor infoldings of the basolateral membrane in the non-pigmented portion.
As yet, however, no studies have been done on degenerate changes in the stria vascularis during postnatal maturation. The present study, therefore, attempts to examine developmental changes in the stria vascularis of Ws/Ws rats using the scanning electron microscope (SEM), transmission electron microscope (TEM) and diaminobenzidine (DAB) staining techniques.
Materials and methods

Materials
In our study, 32 Ws/Ws and six wild type (+/+) rats were transferred from an experimental animal breeder in Hamamatsu (Japan SLC Ltd., Hamamatsu). Heterozygous (Ws/+) rats were not examined in the present study. The experiment was performed according to the protocol approved by the Hamamatsu University School of Medicine, the Committee for the Use of Animals.
Methods
TEM study
A total of 29 ears from 21 Ws/Ws and six ears from six +/+ rats were examined by TEM. Three Ws/Ws rats were killed at 1, 2, 3, 4, 6, 8 and 14 weeks after birth, and 3 +/+ rats were killed at 1 and 2 weeks after birth.
The rats were anesthetized with pentobarbital (50 mg/kg body weight, i.p.) and decapitated, and the temporal bones were isolated. The bony capsule was opened and immediately immersed in a fixing bath containing 2.5% glutaraldehyde in 0.1 M phosphate buffer (pH 7.4), with several gentle flushes of the fixative through the oval and round windows. The cochlea duct was then dissected under a stereomicroscope and further fixed for 2 h at 4°C. Cochleas from both ears were then immersed in 1% OsO4 for 2 h at room temperature. After rinsing, the cochleas were dehydrated in a graded series of ethanol and embedded in Epon resin. Ultrathin sections were cut using a ultramicrotome (Leica Ultracut UCT) and mounted on copper grids (400 mesh). Sections were stained with uranylacetate for 20 min, followed by lead citrate for 10 min. Observations were performed under a TEM (JEOL JEM-1220).
SEM study
A total of four Ws/Ws rats were examined by SEM. Two Ws/Ws rats were killed at 2 weeks and two at 4 months after birth. Two percent glutaraldehyde in 0.1 M phosphate buffer (pH 7.4) was gently irrigated through the oval and the ruptured round windows, and the bones from both ears were kept in the same fixative overnight. The membranous structure was then dissected out under a dissecting microscope. The 2.5 turn rat cochlea was dissected into two lower half turns (basal and middle) and two upper half turns (basal and middle) and a short apical turn. When brown pigment was seen in the stria, its distribution was carefully sketched. Dissected specimens were put in 2% tannic acid, post fixed in 1% osmic acid for 1 h and dehydrated in graded ethanol. After the absolute ethanol, they were transferred to t-butyl alcohol and frozen. After freeze drying, the specimens were fixed on a metal stage, gold coated in a sputter coater and observed under a SEM (Hitachi S-800).
DAB staining
DAB staining was performed according to the method reported by Gao et al. [6] . Six Ws/Ws rats (12 ears) at 3 weeks and one Ws/Ws rat (two ears) at 4 weeks after birth were used. They were decapitated, and the temporal bones were removed. A 2.5% glutaralde- hyde solution (0.1 M phosphate buffer, pH 7.4) was injected into the cochlea through the round and oval windows, and the temporal bones were kept in the same fixative for 1 h. The fixative was then rinsed away with phosphate buffered saline (PBS), and whole bones were decalcified with 0.35 M EDTA/2 K for 150 min, after which they were immersed in 3,3'-diaminobenzidine (DAB) peroxidase substrate medium [7] for 1 h with repeated perilymphatic perfusion. Cochleas were then rinsed with PBS and microdissected, and the stria vascularis at the non-pigmented portion (3 weeks) and pigmented portion (4 weeks) were removed under a stereomicroscope. Cochlear specimens were put in glycerol and mounted on glass slides. Mounted specimens were observed and photographed by light microscope.
Results
TEM study
Twenty-four of the 29 ears examined (82.7%) were found to have both pigmented and non-pigmented areas in the stria vascularis. The remaining five ears showed no pigmentation at all. The stria showed distinct morphological differences between pigmented and non-pigmented portions. Pigmented portions possessed well-developed intermediate cells, but no intermediate cells were seen in the non-pigmented portions.
At 1 week after birth, marginal cells in the stria were cuboidal or columnar in shape, and the basolateral infoldings were found to develop in some places in the +/+ (Fig. 1a) and the pigmented (Fig. 1b) and non-pigmented (Fig. 1c) portions of Ws/Ws rats. Intermediate cells were seen situated between the marginal cells and basal cells in the stria vascularis of +/+ rats and in the pigmented portion of Ws/Ws rats. However, the intermediate cell infolding was not fully developed.
At 2 weeks after birth, the basolateral infoldings of marginal cells appeared well developed and almost adultlike in +/+ rats (Fig. 2a) and the pigmented portions of Ws/Ws rats. In the non-pigmented portion, marginal cell basolateral infoldings were found to be more developed than at 1 week after birth. However, vacant spaces were seen among their infoldings (Fig. 2b) . Basal cells were found to be the same for all animals, having become more elongated and forming the lower boundary of the stria (Fig. 2a, b) .
At 3 weeks after birth, the stria vascularis of the pigmented portion of Ws/Ws rats appeared normal (Fig. 3a) . Interdigitation between marginal cells and intermediate cells was found to have increased. In contrast, non-pigmented portions showed marked degeneration of the marginal cells (Fig. 3b) . Basolateral infoldings appeared atrophic, and marginal cell thickness was greatly reduced. Tight junctions between marginal cells seemed to be well preserved (Fig. 3b, see the arrowheads) .
At 4 weeks and 6 weeks after birth, the pigmented portions of the Ws/Ws rat stria vascularis appeared fully developed (not shown). In the non-pigmented portions, however, degeneration of the marginal cells showed further progression (Figs. 4a, b) . Strial capillary degeneration was not observable at these stages by TEM. At 8 weeks after birth, the basolateral infoldings and the thin surrounding spaces have completely disappeared, and marginal cells come in direct contact with basal cells in non-pigmented portions in Ws/Ws rats (Fig. 5) . The stria vascularis itself appears very thin, and the basement membrane of the capillary shows increased thickness (Fig. 5 , note the arrowheads).
SEM study
At 2 weeks after birth, the apical membranes of the marginal cells appeared as small polygonal surfaces in nonpigmented portions of the stria of Ws/Ws rats (Fig. 6a) . (Fig. 6b) , whereas they appeared normal in the pigmented portion (Fig. 6b) .
DAB staining
At 3 weeks, the capillary net in the non-pigmented portion of the stria of Ws/Ws rats showed almost the same development and distribution (Fig. 7a) as seen in the pigmented portion of older Ws/Ws rats (Fig. 7b) .
Discussion
The W locus in mice and rats is known to have a c-kit gene that encodes a tyrosine kinase receptor. C-kit genes affect the formation, migration, proliferation and/or differentiation of germ cells, hemopoietic tissues and melanoblasts [5] . Mutation in the c-kit gene works as a necrotiz- ing factor, and the effect starts to work after the melanocytes reach the cochlea duct [4] .
Maturation of the cochlea duct normally proceeds from the basal turn to the apex, and thus, some melanocytes are able to maturate before the necrotizing effects start to work [4] . Surviving melanocytes in the lower cochlear turn produce melanin pigment. Intermediate cells in the stria vascularis are derived from melanocyte [8] , and thus, the pigmented part of the stria vascularis generally shows normal development.
Steel et al. [16, 17] and Cable et al. [2, 3] reported on the morphological characteristics of Wv/Wv mice stria, which show a depletion of intermediate cells. Ws/Ws rats also possessing mutations in the c-kit gene have variable pigmentation in the stria vascularis and show many of the features found in Wv/Wv mice [11, 12] .
The stria vascularis of the rat is immature at birth and matures by 2 weeks [15] . In the present study, no morphological differences were seen in the marginal cells of the pigmented and non-pigmented portions of Ws/Ws rats and +/+ rats at 1 week after birth, suggesting that degeneration is not clear at such an early stage. The basolateral infoldings of the marginal cells were not yet well developed, and the cells looked cuboidal. Findings from 2 weeks to 3 weeks after birth showed an adult-like, matured stria vascularis in pigmented portions that was the same as that seen in the +/+ rats.
Rybak et al. report that the marginal cells of the rat develop extensive basolateral infoldings or processes, which envelop the capillaries and intermediate cells at 15 days after birth [15] . In the present study, we too found a welldeveloped, apical membrane and basolateral infoldings of the marginal cells in the stria of all rats examined at 2 weeks. At 3 weeks, however, the basolateral infoldings of the marginal cells in non-pigmented portions of the stria of Ws/Ws rats had become atrophic.
These findings indicate that the basolateral membrane of marginal cells develops more or less normally through the first 2 weeks after birth, but then begins to degenerate. Since the interdigitation between marginal cells and intermediate cells develops between 2 to 3 weeks after birth in +/+ rats, intermediate cells seem to play an important role in the development of marginal cells at this stage.
A similar degeneration process was also reported for the marginal cells of the Wv/Wv mouse, which possesses the same gene anomaly [17] [8] showed that infoldings of the intermediate cells make contact with the outer surface of the endothelial cells of the capillary at 16 days after birth in rats. Takeuchi et al. [18] showed a dye-coupling between intermediate cells and capillaries by the Lucifer yellow microinjection method in gerbils. The existence of such a dye-coupling suggests the possibility that these cells work together to play a role in the transportation of metabolites such as glucose and amino acid from the blood.
Furthermore, in their study with gerbils, Ando et al. [1] proposed that the infoldings of intermediate and marginal cells may affect the transition of the capillaries from the fibrocyte layer into the stria vascularis.
In the present study with DAB staining, the capillary net of Ws/Ws rats looked well developed in the non-pigmented portion at 3 weeks, as well as in the pigmented portion at 4 weeks. It has already been reported that the capillary net in the non-pigmented portion in older (10 week) animals showed poor development [9] . The above findings suggest that the strial capillary net develops up to a certain point and then begins to degenerate gradually with age in Ws/Ws rats. TEM observations showed that a thickening of the capillary basement membrane was observed at 8 weeks after birth. This change in the basement membrane seems to be a primary event initiating strial capillary atrophy in Ws/Ws rats in a manner similar to that seen in older gerbils [19] . Intermediate cells seem to play a role in maintaining the strial capillary net. Morphologic degeneration was clearly seen in the strial capillaries of an 8-week-old Ws/Ws rat. Thus, further studies are needed in order to clarify exactly when degenerative changes begin in the stria vascularis. 
